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Abstract
Respiratory chain complexes are fragments of larger structural and functional units, the respiratory chain supercomplexes or
‘‘respirasomes‘‘, which exist in bacterial and mitochondrial membranes. Supercomplexes of mitochondria and bacteria contain complexes III,
IV, and complex I, with the notable exception of Saccharomyces cerevisiae, which does not possess complex I. These supercomplexes often
are stable to sonication but sensitive to most detergents except digitonin. In S. cerevisiae, a major component linking complexes III and IV
together is cardiolipin. In Paracoccus denitrificans, complex I itself is rather detergent-sensitive and thus could not be obtained in detergent-
solubilized form so far. However, it can be isolated as part of a supercomplex. Stabilization of complex I by binding to complex III was also
found in human mitochondria. Further functional roles of the organization in a supercomplex are catalytic enhancement by reducing diffusion
distances of substrates or, depending on the organism, channelling of the substrates quinone and cytochrome c. This makes redox reactions
less dependent of midpoint potentials of substrates, and permits electron flow at low degree of substrate reduction. A dimeric state of ATP
synthase seems to be specific for mitochondria. Exclusively, monomeric ATP synthase was found in Acetobacterium woodii, in P.
denitrificans, and in spinach chloroplasts.
D 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction
The first protocols for isolation of OXPHOS complexes,
mostly from bovine heart mitochondria, were developed
some 40 years ago [1]. Some protocols led to the isolation
or reconstitution of stoichiometric assemblies of two or more
complexes, e.g., complex I–III [2–5], complex II–III [6],
and a ‘‘repeating unit of electron transfer’’ containing all
respiratory chain complexes [7]. Although this ‘‘unit of
electron transfer’’ was not a homogeneous particle and
generated by random aggregation, it was generally assumed
that oxidation–reduction components are arranged in the
membrane in an orderly sequence. This view of a ‘‘solid
state’’ model, which was also supported by some kinetic
analyses [8], changed gradually to a ‘‘liquid state’’ model
that envisioned free complexes that diffuse laterally and
independently of one another. Some main reasons for this
change of paradigm were: The functional activities of
individual OXPHOS complexes were retained upon isola-
tion; associations of complexes could be found neither in
electron microscopic studies nor by liposomal fusion experi-
ments [9]; Kro¨ger and Klingenberg [10] and Gupte and
Hackenbrock [11] found that the substrates ubiquinone and
cytochrome c, respectively, are in equilibrium with corre-
sponding quinone and cytochrome c pools in bovine mito-
chondria. A direct association of respiratory chain complexes
thus seemed not required for effective electron flow. The
isolation of stable supercomplexes of complexes III and IV
from certain bacteria [12–14] containing tightly bound
cytochrome c could not challenge the general acceptance
of a ‘‘liquid state’’ model.
Evidence that respiratory chain supercomplexes exist
also in the mitochondrial membrane came from recent work
on the yeast Saccharomyces cerevisiae and on bovine
mitochondria [15–18]. Enzymatic analyses of yeast mutants
by Bruel et al. [15] suggested a direct interaction of
complexes II and III. Based on inhibitor titration studies,
Boumans et al. [16] postulated a physical association of
respiratory chain complexes II, III, and IV in S. cerevisiae
since, in contrast to bovine mitochondria, localized substrate
quinone and cytochrome c seemed to be used. No pool
functions for quinone and cytochrome c were found.
The chance to purify these postulated assemblies of
respiratory chain complexes seemed low but was finally
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achieved by using blue native polyacrylamide gel electro-
phoresis (BN-PAGE [19]). Solubilization of S. cerevisiae
mitochondrial membranes by low Triton X-100 followed by
BN-PAGE first led to the isolation of dimeric ATP synthase
[20]. Subsequently, using the detergent digitonin, assem-
blies of complexes III and IV, but not of complexes II and
III, were isolated from yeast [17,18], and supercomplexes
containing complexes I, III, and IV were isolated with high
yield from bovine heart mitochondria [17].
In this work, we summarize recent developments and add
novel mostly unpublished data on the composition and
function of bacterial, yeast, bovine and human respiratory
chain supercomplexes.
2. Dimeric mitochondrial ATP synthase
In a collaborative effort of the groups of Rosemary A.
Stuart, Walter Neupert, and Hermann Scha¨gger, mitochon-
drial ATP synthase has been shown to exist in a dimeric
state in yeast [20] and a dimeric form was found also in
mammalian mitochondria [17]. However, the conditions for
dimerization as well as the functional role of the dimer are
still a matter of debate.
For the most part, this controversy may be resolved by
considering that ATP synthase may not be dimeric in all
species. Recent analyses of Paracoccus denitrificans, Ace-
tobacter woodii, and spinach chloroplasts gave no indica-
tions for the existence of dimeric ATP synthase in these
organisms or organelles, suggesting that dimeric complex V
is specific for mitochondria (Scha¨gger, unpublished).
Evidences for a constitutive dimeric state of complex V in
yeast are: (1) Almost all complex V can be isolated as a dimer
using BN-PAGE and low digitonin or low Triton X-100. (2)
Proteins e and g are found only in the dimeric complex V in
Triton-solubilized mitochondria. Using digitonin, a minor
fraction of subunit g also binds to monomeric complex V. (3)
No dimer is found in a subunit e deletion strain in the
presence of Triton or digitonin. In the subunit g deletion
mutant containing a small amount of subunit e, about 5% of
total complex V was reproducibly present in the dimeric
state, indicating an essential role of subunit e for dimerization
(S. Brunner, and R.A. Stuart, personal communication).
Some researchers are concerned about a potential artifi-
cial association of monomeric complex V upon solubiliza-
tion, which could be mediated by nonspecific association of
hydrophobic proteins. To explore this possibility, one has to
consider only two candidate proteins, namely subunits g and
e, since complex V not containing these proteins exists only
in monomeric state. Subunits g and e, which contain one
and two potential membrane helices, respectively, are over-
all hydrophilic proteins and are therefore unlikely to confer
nonspecific hydrophobic aggregation. However, subunit e
contains a coiled-coil sequence motif that seems to be
responsible for specific in vivo dimerization while subunit
g plays an assisting role [20,21].
More recently, the inhibitor protein IF1 has been discussed
as an alternative candidate for initiating the dimerization of
Fig. 1. Respiratory chain supercomplexes from P. denitrificans resolved by BN-PAGE. Triton X-100 (TX-100), dodecylmaltoside (DDM), and digitonin were
used for solubilization. (a) Largest supercomplex I1III4IV4 containing complex I, tetrameric complex III, and four copies of complex IV. (b) Supercomplex
missing three subunits of complex I (cf. text). (c) Supercomplex III4IV4. (d) Supercomplex III4IV2. (e) Tetrameric complex III. (f) Tetrameric complex III
lacking the Rieske iron sulfur protein. Oxidative phosphorylation complexes from bovine heart mitochondria (BHM) were used as molecular mass markers. I,
II, III, IV, V, complexes I–V; VDim, VMon, dimeric, monomeric complex V.
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complex V, since bovine F1 can dimerize by binding the
inhibitor protein [22]. A pH or IF1-dependent dimerization
might have implications for regulation and quarternary struc-
ture of ATP synthase, since bovine IF1 exists in a dimeric and
a tetrameric state depending on pH [23].
Potential roles of dimeric complex V either are stabiliza-
tion of the stator part via subunits e and g if complex V
exists permanently in dimeric form, or regulation of ATPase
and synthase via IF1-dependent dimerization of complex V.
However, so far, it has neither been demonstrated whether
IF1 can bring about a dimerization of holo-F1FO-ATPase,
nor is it known whether deletion of the genes of inhibitor
proteins in S. cerevisiae can prevent dimerization.
3. Respiratory chain supercomplexes fromP. denitrificans
Berry and Trumpower [12] used dodecylmaltoside to
isolate a respiratory chain supercomplex from P. denitrifi-
cans containing complexes III and IV but no complex I.
Complex I of P. denitrificans membranes has been studied
intensively [24–26] but sensitivity to all mild detergents did
not permit isolation of the multiprotein complex so far.
In a collaborative work with the group of Bernd Ludwig,
we have used the detergents Triton X-100, dodecylmaltoside
and digitonin for solubilization of Paracoccus membranes,
followed by BN-PAGE to separate multiprotein complexes
according to their molecular mass (Fig. 1). Supercomplex a,
containing one copy of complex I, tetrameric complex III,
and four copies of complex IV was isolated using Triton and
dodecylmaltoside for BN-PAGE. However, it was not pos-
sible to isolate supercomplex a chromatographically using
these detergents. Three subunits of complex I, NQO1, 2, and
3, readily dissociated thereby generating complex b, which
further dissociated into complexes c and d, and finally into
monomeric complex IV and tetrameric complex III. The
preparation of Berry and Trumpower [12] seems to represent
a mixture of complexes c and d.
Digitonin turned out to be less damaging. Supercomplex
a, a complete respirasome, was isolated chromatographi-
cally for the first time, and is now available for thorough
biochemical and biophysical analyses also of complex I,
which is protected within the supramolecular structure (A.
Stroh, O. Anderka, K. Pfeiffer, T. Yagi, M. Finel, B.
Ludwig, and H. Scha¨gger, manuscript in preparation).
4. Respiratory chain supercomplexes of S. cerevisiae
4.1. Identification of respiratory chain supercomplexes
The respiratory chain of the yeast S. cerevisiae consists
of complexes II, III, and IV but, in contrast to most
eukaryotes, instead of complex I, it contains three NADH
dehydrogenases that are associated with the inner mitochon-
drial membrane but not involved in proton translocation
[27–29]. There are several indications for the existence of
respiratory chain supercomplexes of complexes II, III, and
IV in S. cerevisiae.
Investigating the function of site-directed mutants in the
QCR8 gene of complex III, Bruel et al. [15] found a direct
interaction of complexes II and III via subunit 8, and
Boumans et al. [16], using inhibitor titration studies, found
that under physiological conditions, neither ubiquinone nor
cytochrome c exhibited pool behaviour, implying that the
respiratory chain in yeast is one functional unit. This means
that respiratory chain complexes II, III, and IV should be
physically associated.
Following these enzymatic approaches, two supercom-
plexes containing dimeric complex III and one and two
copies of complex IV, respectively, were isolated by BN-
PAGE [17,18]. However, no interactions of complexes II
and III were found, suggesting that interactions of these two
complexes are rather detergent-sensitive.
Deletion of central subunits of complexes III or IV led to
loss of assembly of one of the two complexes. However,
amount and stability of the other complex were not affected.
Supercomplexes are therefore not required for assembly/
stability of S. cerevisiae complexes III and IV [17,18,30].
Independent approaches verified the existence of super-
complexes. Cruciat et al. [18] showed that complexes III
and IV from S. cerevisiae are directly associated using gel
filtration and co-immunoprecipitation. Scha¨gger and
Pfeiffer [17] showed a functional association of complexes
III and IV by comparing the detergent dependence of
cytochrome c reductase, cytochrome c oxidase, and coupled
ubiquinol oxidase activities of yeast mitochondria.
4.2. Growth-dependent variation of supercomplex contents
Complex IV contents of S. cerevisiae mitochondria vary
with growth conditions, and seem to reflect the cell’s
demand for energy supply via the OXPHOS system. Under
all growth conditions, nearly all complex IV was bound to
complex III. Despite this near quantitative association of the
two complexes, the molar complex III/IV ratio was not fixed
in S. cerevisiae but varied with the growth conditions. The
ratio of complexes III and IV is adjusted by varying the ratio
of two supercomplexes containing dimeric complex III and
one and two copies of complex IV, respectively [17,18].
4.3. Cardiolipin and central proteins link complexes III and
IV together
Supercomplexes were detected in deletion strains of Qcr6,
Qcr9, Qcr10, Rip1, Cox8, Cox12, and Cox 13 subunits. We
conclude that these subunits, and cytochrome c, which is
removed from supercomplexes during BN-PAGE, are not
linking complexes III and IV together [17,18,30].
The most likely candidates for a direct link between
complexes III and IV are the mitochondrially encoded
subunits of complexes III and IV, since assemblies of
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complexes III and IV were also identified in P. denitrificans,
which contain only homologues of these central proteins.
Many mild detergents dissociate the supercomplexes at
low ionic strength, suggesting that the interaction of the two
complexes primarily involves hydrophobic protein surfaces.
The contact site of complex III must be close to the location
of Qcr6, since deletion of the negatively charged Qcr6
subunit stimulated supercomplex formation, potentially via
reducing electrostatic repulsion. Taking all these informa-
tion together, it seems likely that the linkage of complexes
III and IV involves a transmembrane helix of cytochrome
c1, and transmembrane helices E, B, and G of cytochrome b
on one side and the mitochondrially encoded Cox subunits
on the other side [30]. In the bc1 complex structure of Hunte
et al. [31], these helices seem to form a cavity in the
membrane sector, and Qcr6, which is located in the inter-
membrane space, is on top of this potential complex III–IV
interface.
Nonprotein components that may be involved in linking
complexes III and IV are phospholipids, which were found
in membrane protein crystals, e.g., in the structure of
bovine cytochrome c oxidase [32], and in yeast bc1 com-
plex [33]. Interestingly, one specific cardiolipin (L5) was
tightly bound in a special cavity formed by transmembrane
helices of cytochromes b and c1, with the headgroup of
cardiolipin being in close proximity to the Qi site of
quinone reduction. This cardiolipin molecule is located at
the entrance to the CL/K pathway and may have in addition
to its structural role, a specific function for activity of the
bc1 complex [33].
We compared a cardiolipin deficient S. cerevisiae strain
of Miriam Greenberg and the corresponding wild-type by
BN-PAGE and found that cardiolipin is the most essential
component for the assembly of complexes III and IV.
However, it had no effect on the dimeric state of ATP
synthase. In contrast to wild type, complexes III and IV of
the cardiolipin-deficient mutant were found mainly as free
individual complexes. Supercomplexes could be reconsti-
tuted from the individual complexes III and IV of this
cardiolipin-deficient strain by adding cardiolipin. (H. Scha¨g-
ger, C. Hunte, R.A. Stuart, and M. Greenberg, manuscript in
preparation).
5. The respirasome of bovine mitochondria
5.1. Evidence for the existence of bovine respiratory chain
supercomplexes
Functional association of complexes I and III has been
shown by comparing the detergent dependence of the
catalytic activities of complex I, complex III, and a coupled
activity of complex I + III using digitonin and dodecylmalto-
side solubilized mitochondria [17].
Structural association of complexes I, III, and IV has
been shown by isolation of supercomplexes [17]. OXPHOS
complexes from bovine heart mitochondria or sonic par-
ticles were almost quantitatively solubilized by various
detergents, and separated by BN-PAGE (Fig. 2). Dodecyl-
maltoside solubilized monomeric OXPHOS complexes
except complex III, which existed as a stable dimer, and
some dimeric complex V, which was detected using low
DDM and digitonin (Fig. 2A,B). Using low Triton X-100/
protein ratios, only complex II and complex V were selec-
tively solubilized (Fig. 2C). Individual complexes I, III, and
IV, and supercomplexes a–e, which contained monomeric
complex I, dimeric complex III, and zero to four copies of
complex IV, were solubilized using higher Triton X-100/
protein ratios [17]. Using high digitonin/protein ratios, the
amounts of monomeric complex I and dimeric complex III
were significantly reduced compared to solubilization by
DDM. However, the missing amounts were assembled
essentially into two major supercomplexes a (I1III2) and b
(I1III2IV1) of masses 1500 and 1700 kDa.
Fig. 2. Bovine respiratory chain supercomplexes and dimeric complex V are stable to sonication. Dodecylmaltoside (DDM), digitonin, and Triton X-100 were
used to solubilize sonic particles from bovine heart mitochondria. Solubilized OXPHOS complexes I–V were then resolved by BN-PAGE. VDim, VMon,
dimeric, monomeric complex V. (a–e) Respiratory chain supercomplexes containing monomeric complex I associated with dimeric complex III, and 0–4
copies of complex IV, respectively. (a) I1III2, (b) I1III2IV1, (c) I1III2IV2, (d) I1III2IV3, (e) I1III2IV4.
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5.2. Ratio of OXPHOS complexes in bovine heart
mitochondria
A commonly used ratio for OXPHOS complexes I/II/III/
IV/V is 1:2:3:6–7:3–5, which has been published by Hatefi
[1]. The ratio was based on the determination of FMN,
FAD, cytochrome c1, cytochrome aa3 and F1, which were
used as markers for complexes I, II, III, IV, and V. We
reassessed the ratio of all OXPHOS complexes introducing
novel FMN and FAD independent assays, and determined a
ratio of 1:1.3:3:6.7:3.5 [34]. From the congruent complex I/
III ratio using FMN-dependent and FMN-independent tech-
niques, we conclude that there is no evidence for a second
FMN of complex I [35], and also that FMN is not bound in
significant amounts to a mitochondrial membrane protein
other than complex I. Based on the stoichiometric data, we
developed a model for the mammalian OXPHOS system,
which suggests that a mixture of two supercomplexes with
and without complex I exist in a 2:1 ratio in the membrane
(Fig. 3).
5.3. Evidence for association of respiratory chain super-
complexes to protein networks
Complexes II and V were selectively solubilized from
bovine heart mitochondria and from sonic particles (Fig.
2C) as well as from yeast mitochondria using low Triton X-
100 [20]. This indicated that the detergent/protein ratio used
was sufficient for disintegration of lipid areas between
mitochondrial supercomplexes. We therefore suggest that
the insolubility of respiratory chain supercomplexes at low
detergent concentration is due to oligomerization of the
supercomplexes rather than to incomplete disintegration of
the membrane.
6. Human respirasome in health and mitochondrial
disorders
Supercomplexes I1III2 and I1III2IV1 were identified as
the two major fragments of the respirasome in normal
human mitochondria but not always in mitochondria of
patients suffering from mitochondrial disorders. Analysis
of isolated assembly deficiencies of complex I or complex
IV indicated that complexes I and IV are not required for
stability of other OXPHOS complexes.
However, we could not find isolated assembly deficien-
cies of complex III although multiple assembly deficiencies
of several complexes including complex III are often
observed. The reason for this phenomenon was found when
mitochondria of two patients with different genetic defects in
the cytochrome b gene were analysed. Both genetic defects
generated truncated cytochrome b and assembly deficiency
of complex III. Lack of assembled complex III in turn caused
specific lack of assembled complex I. We conclude that
assembled complex III is required for assembly/stability of
complex I (K. Pfeiffer, R. De Coo, S. Hofmann, M.F. Bauer,
C. Godinot, and H. Scha¨gger, manuscript in preparation).
7. Functional aspects of bacterial and mitochondrial
respiratory chain supercomplexes
Substrate channelling directs an intermediate to a specific
enzyme rather than allowing competition from other
enzymes. A major advantage of substrate channelling is
the use of localized substrate molecules, e.g., quinone and
cytochrome c, which can react independent of bulk proper-
ties of quinone or cytochrome c pools. Redox reactions do
not depend as much on the actual midpoint potentials of
Fig. 3. Model for the structural organization of mammalian oxidative phosphorylation complexes. This model is based on a complex I/II/III/IV/V ratio of
1:1.5:3:6:3 in bovine heart mitochondria. It postulates two types of respiratory chain supercomplexes that exist in a 2:1 ratio in the mitochondrial membrane.
Mitochondrial complex V is shown in dimeric form although the ratio of dimer and monomer is not known.
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substrate pools, which seems essential for electron flow at
low substrate reduction levels. Extreme forms of substrate
channeling of cytochrome c must occur in P. denitrificans
because cytochrome c552 is a tightly bound protein of the
supercomplex [12].
Tight substrate channelling of cytochrome c and quinone
as well seems to exist in S. cerevisiae, since pool functions
of cytochrome c and quinone were not found [16]. Verifi-
cation of this result by independent methods seems essen-
tial. In contrast to yeast, quinone and cytochrome c pool
functions have been shown for mammalian mitochondria
[10,11]. It is not clear why mammalian mitochondria should
not make use of a considerable advantage of substrate
channelling, since pool substrates make sense for individual
diffusible complexes but not for supercomplexes. We plan
to examine the relative contributions of pool function versus
substrate channelling using independent techniques.
Sequestration of the reactive intermediate ubisemiqui-
none, which can react with oxygen to generate superoxide
anion radical [36], is essential, since conditions leading to
increased levels are involved in the pathogenicity of mito-
chondrial disorders [37]. However, sequestration of ubise-
miquinone seems to be a function of individual complexes I
and III.
Assembly/stability of complexes III and IV is not
adversely affected by the absence of supercomplexes in P.
denitrificans, S. cerevisiae, and human mitochondria. How-
ever, complex I from human mitochondria and from P.
denitrificans requires physical association with complex III
for assembly/stability.
With respect to this essential physical interaction of two
complexes, we think that functional analyses of isolated
complexes I and III should be regarded with caution, and
compared to analyses of intact complex I–III assemblies.
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